. Trajectory of a single Pol II transcription event followed by mechanical arrest. Fishing for the tether started at 0 s, and a single tether was obtained at 25 s. Ribonucleotide triphosphates were added to the flow cell between 60-80 s, transcription began at 80 s, and the force was increased at 90 s to maintain the force in an acceptable range. Pol II encountered the interstrand linked DNA at 155 s and was mechanically arrested. At 200 s, force ramping cycles began and a force-extension curve was obtained. In this example, no nucleosomal signature was observed.
Supplemental Text

Average effect of the nucleosome on transcription dynamics
The effect of the nucleosome on transcription was highly varied. The average time spent at the NPS in the presence of the nucleosome was much longer than on bare DNA (1 s/bp, compared to 0.2 s/bp, see Figure S4 ). This effect peaked at the beginning of the NPS before the polymerase passed the dyad axis of the nucleosome. There are three possible explanations for this behavior: the presence of the nucleosome could induce Pol II to pause more frequently, slow the recovery of Pol II from pausing, and/or slow the pause-free velocity of the polymerase. Each of these alternatives is examined in the text.
Spatial and temporal resolution
Thermal and instrumental noise both limit the resolution of our single-molecule trajectories. Although currently there is no known way to overcome thermal noise, we made several efforts to reduce the various sources of instrumental noise. The use of dualtrap optical tweezers allowed for differential detection of the movements in both traps, significantly increasing the signal-to-noise ratio of the position signal (7) . Additionally, the optical tweezers instrument was completely enclosed in a custom-made acrylic box, reducing ambient air fluctuations in the path of the laser light that contribute to noise. Finally, the instrument was located in the sub-basement floor in an acoustic isolation booth, reducing noise arising from building and acoustic vibrations (8) . Trajectories were sampled at high bandwidth and averaged to lower bandwidth for further analysis. Pauses lasting longer than 2 s (i.e. half of our final bandwidth) were identified with the greatest accuracy. Because pause density is relatively low, our velocity resolution allowed us to identify individual pausing events (red).
All trajectories were sampled at 2 kHz, and averaged to 1 Hz for further analysis. With regard to sustained spatio-temporal resolution, the instrument is capable of reliably observing position changes as small as 1.5-2.0 nm (5-6 bp) at a bandwidth of 1/2 Hz, with a peak-to-peak instrumental drift of ~0.5 nm (~1.5 bp) over 1 min. Although drift and resolution varied between trajectories, in most cases our sustained velocity resolution was better than 3 bp/s, which allowed for straightforward identification of pauses.
Pause detection and pause-free velocity
To identify pauses, we first filtered the position signal sampled at 2 kHz for each trajectory using a second-order Savitzky-Golay filter with a time constant of 1 s. Pauses were then detected as transient reductions of the instantaneous velocity using a statistical threshold (9) . Long pauses were corrected by eye to avoid miscounting errors caused by the effects of long-timescale drift on automated measurements (10) .
To obtain pause-free velocities, the times associated with the beginning and end of each pause were recorded and used to remove all identified pauses from the original high-bandwidth, unfiltered position signal ( Figure S6 ). Each pause-free trajectory was then filtered using a Gaussian convolution filter with a time constant of 1 s for further analysis. The pause-free velocities for each trace are given by the time derivatives of the filtered position signal throughout the NPS. Figure S6 . Example processing by the pause removal algorithm. Portions of the trajectories identified as pauses (red) are removed at high bandwidth, and the remaining pause-free trajectory is rejoined then averaged to a lower bandwidth. Velocities at the NPS (cyan) for traces with a nucleosome are compared to those without a nucleosome present (Figure 2d , main text).
In our analysis of pause durations, we considered pauses with durations of 2 s or longer (see discussion below). However, to obtain pause-free velocities, we removed all identified pauses, including those shorter than 2 s. This difference arises because for pause durations, it is critical to have certainty regarding the identification and timing of pauses, so we have taken a more conservative approach and made measurements where we have the highest degree of certainty. For removing pauses, however, it is more important to liberally remove all identified pauses, including those whose timings are less well resolved, in order to obtain the pause-free velocity.
Mechanical stability of the nucleosome changes with salt
We observed a marked decrease in the frequency of nucleosomal arrest with increasing ionic strength, from 93% at 40 mM KCl, to 77% at 150 mM KCl, to 47% at 300 mM KCl (Figure 1c -e, main text). In order to measure the effect of ionic strength on nucleosome stability, we analyzed force-extension curves of untranscribed nucleosomes at each of these ionic strengths using previously described techniques (11) . We loaded the nucleosome on the same DNA used for the transcription experiments, except that we introduced a biotin at the end of template using a modified PCR primer. This allowed us to pull on nucleosomes in the absence of the biotinylated Pol II.
The most reliable signature of the nucleosome is the sudden opening of the inner wrap at increased force ( Figure 4a , main text). We quantified both the distribution of forces at which this rip occurred as well as the size of the transition, as a function of [KCl] . As expected, the force necessary to unwrap the nucleosome decreased as we increased the salt concentration, confirming that the relief in transcriptional arrests is a result of reduced histone-DNA interaction ( Figure S7 ). The extension change associated with nucleosome unwrapping did not change significantly with ionic strength, suggesting that the inner wrap of the nucleosome is still intact as the salt concentration is increased. 
Transcription on naked DNA at different ionic strengths
In order to determine whether the intrinsic dynamics of Pol II are affected by ionic strength, we compared transcription on bare DNA at 40, 150 and 300 mM KCl. Transcription of bare DNA by Pol II was unaffected over this salt range ( Figure S8 ). Neither mean dwelltime nor pause-free velocity showed any trend with increasing KCl concentration. Therefore, differences in nucleosomal transcription at different ionic strengths ( Figure 1 , main text) are the direct result of changes in the nucleosome's mechanical stability (see Figure S7 ). 
Statistical analysis of pause durations and unwrapping data
For comparison of pausing data, we applied the two-sample KolmogorovSmirnov test. This nonparametric test requires no knowledge of the underlying probability density distributions, and compares the maximum deviation between two populations in their empirical cumulative distributions. All p-values reported for pause durations refer to the two-tailed version of this statistical test.
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For comparison of nucleosome unwrapping counts after transcription, we applied Fisher's Exact Test. This nonparametric statistical test also requires no knowledge of the underlying probability distributions, and is suitable for comparisons between categorical data sets of small sample sizes. All p-values reported for nucleosome pulling observations refer to the one-tailed version of this statistical test, and are reported for comparison between a given data set and the data obtained when transcription was observed under force. Error bars in Figure 4b represent the expected bounds based on binomial variance.
Effect of the nucleosome on pause entry
In the absence of a nucleosome, the probability of entering a pause at each position on DNA is:
Here we consider the effect of the nucleosome by making use of the model described in the text (Figure 3 ). When the nucleosome is present, if the polymerase cannot transcribe while the nucleosome is wrapped in front of it ( Figure S9 ), Pol II can enter into a pause (i.e. backtrack by one base) via two pathways: it can backtrack directly when the nucleosome is unwrapped or, if the nucleosome wraps, backtracking competes with unwrapping of the nucleosome. These two paths competing with elongation correspond to the two terms in the numerator of the fraction below: 
We have earlier defined The final expression for the pause density when the nucleosome is present is intuitive since backtracking is competing with elongation, however elongation can only take place when the nucleosome is unwrapped.
Derivation of the probability density for pause durations
The predicted distribution of pause durations ψ(t) arises from a model in which the polymerase's dynamics during backtracking are described by a single parameter, the force-biased intrinsic stepping rate of diffusion k 0 . This model of polymerase backtracking has been proposed to explain pauses previously described as either "long (backtracking)" or "short (ubiquitous)" pausing (12) . Below, we derive the probability density function, ψ(t), and discuss how backtracking dynamics give rise to the appearance of two pausing regimes. Much of the following information, as well as greater detail, can be found in the original paper (12) .
Below, the DNA is treated as a one-dimensional lattice, where each lattice site corresponds a base-pair position along the DNA. We begin by considering a polymerase that arrives at a backtracked state by having moved backwards by 1 bp to position -1 on the lattice. Here, the rate-limiting step for backtrack recovery is diffusion back to the 3' end of the nascent RNA (i.e. to position 0 on the lattice), where it can restart transcription elongation. The probability density of return times ψ(t) then describes the predicted distribution of pause times.
Derivation of ψ(t) begins by solving for the distribution of first-passage times for a particle at position -1 diffusing to position 0 on the lattice. The number of steps starting from position -1 and ending at position 0 follows the form 2n + 1 (n ≥ 0) (i.e., n backward steps, and n+1 forward steps). For each value of n, the number of unique firstpassage trajectories from -1 to 0 is given by:
The probability of such a trajectory can be calculated if the probabilities of stepping forward and backward are known:
where p is the probability of stepping forward, and q is the probability of stepping backward (13) . These probabilities can be calculated if the forward and backward stepping rates k f and k b are known. The simplest model for backtracking states that these rates are determined by a single rate of stepping ( k 0 ), which is biased by the application of force.
, with the distance to transition state d taken here to be 0.5 bp. Thus,
which allows us to determine the probability of each trajectory consisting of 2n+1 steps:
The probability density ψ(t) is calculated based on the probability of each trajectory
P(n) and the distribution of times associated with that trajectory P(t n):
ψ(t) = P(n)⋅ P(t n) [ ] n ∑ .
P(t n)
is given as an exact function by the Gamma distribution, which describes the probability density for the time of 2n+1 Poisson steps which have stepping rates of k f + k b :
From the definition of ψ(t), and the equations describing P(n) and P(t n) above, we see that:
Simplifying and incorporating the definition of the modified Bessel function of the first kind ( I 1 ), allows us to rewrite this equation to yield the closed-form solution cited in the main text:
Thus, the complete dynamics of backtracking are described as the function of the forward and backward stepping rates k f and k b , which are themselves functions of the intrinsic rate of backtrack stepping k 0 , and the applied force F :
While force always biases the random walk, the force dependence of any one base-pair step is relatively small. Because the distance to transition state d is very short (0.5 bp, corresponding to 0.17 nm), a large force must be exerted to yield a significant bias to the individual forward and reverse stepping rates. For instance, if even a 10-pN force is applied, the energetic bias provided by the force is F ⋅ d = 1.7 pN ⋅ nm, which is small compared with thermal fluctuations ( k B T = 4.1 pN ⋅ nm).
Because short pauses consist mostly of very short backtrack excursions (~1-2 bp), they display apparent force insensitivity. In contrast, longer pauses are comprised of many more steps, therefore the effect of force is compounded; here, the force dependence of pause durations is amplified. Although the mechanism of pause recovery is the same, diffusive backtracking gives rise to the appearance of two types of pausing regimes. An excellent treatment of this topic is covered elsewhere (12) . This model correctly identifies the distribution of all pauses as short as 2 seconds in duration (Figure 2b, main text) , showing that all such pauses can be considered as backtrack excursions that recover through the same mechanism.
Cumulative distributions and pause duration probability densities
To compare the theoretical predictions of pause duration with the experimental data, we used cumulative probability distributions. The cumulative distribution of ψ(t) for pauses between our lower limit of 2 seconds and our arrest cutoff of 20 minutes is given by the following equation:
The normalization in the denominator represents the fraction of pauses between our observational limits. This normalization is largely independent of the particular choice for the upper cutoff because almost no pauses are expected to last longer than a few minutes.
We numerically integrated ψ(t) as shown above to obtain the theoretical curves shown in Figure 2b and Figure S10 .
Normalization of pause density to avoid undercounting short pauses
The probability of pause entry (see Effect of the nucleosome on pause entry, above) describes the probability of entering a pause at a given position on the template and corresponds experimentally to the total number of pauses per base pair. However, due to experimental noise and because of finite averaging bandwidth, we chose to avoid miscounting shorter pauses by only measuring pause durations that were two seconds or longer. When comparing theory with the experimental data, we must take into account all the very short pauses that we did not analyze.
Because we know the underlying probability density function for pause durations, ψ(t) (12), we can calculate the fraction of pauses that are between our lower cutoff pause time (2 s) and our upper cutoff (1200 s) by integrating ψ(t) within those times. To calculate the pause density for pauses within the experimentally measurable range, we multiply the theoretical pause density by this fraction:
Similarly at the nucleosome, the predicted pause density when using pause cutoffs is:
We note that the correction in each case is small, roughly a factor of 2.
Nucleosomal transcription at 150 mM KCl
The effect of the nucleosome on transcription can be understood in light of the diffusive nature of backtracks and the dynamics of nucleosome wrapping and unwrapping fluctuations. In addition to the analysis presented in the main text of data taken at 300 mM KCl, we have also performed a similar analysis of nucleosomal pauses at 150 mM KCl. (in agreement with pause-free velocity at 150 mM KCl, see Figure S8 ). This leads to a predicted pause density at the nucleosome of 0.017 ± 0.008, in agreement with the experimental values ( Figure S10) .
The uncertainty associated with each of these transcription parameters at 150 mM KCl is larger than those obtained at 300 mM KCl; the low probability of passing the nucleosome at this ionic strength reduces the availability of nucleosomal passage kinetics. Nevertheless, our observations at 150 mM KCl mirror those at 300 mM KCl. If the polymerase can transcribe while the nucleosome is wrapped in front of it, with a rate k e,w :
Effect
If we assume very fast kinetics of the nucleosome, in particular k u >> k b + k e,w , we can rewrite:
We have earlier defined γ u = k u k u + k w , so we can simplify the pause density to:
The final expression for the pause density when the nucleosome is present is intuitive since backtracking is competing with two different elongation rates: both when the nucleosome is unwrapped ( k e ), and when the nucleosome is wrapped ( k e,w ). Figure S9 predicts the dependence of pause density on k e,w . Above, the confidence intervals predicted by the model are shown for two values of k e,w : one where k e,w is half the elongation rate on bare DNA ( P nucl = 0.012 ± 0.006 bp -1 ), the other where k e,w is the full elongation rate on bare DNA ( P nucl = 0.008 ± 0.006 bp -1 ). Neither value of k e,w agrees with the increased pause density at the nucleosome, in contrast with Figure 2b (main text).
The analysis presented above allows us to place bounds on the rate of active elongation through a locally wrapped nucleosome ( k e,w ). In Figure S12 and Figure 2b (main text), we show that the model only fits the experimentally observed peak in pause density when k e,w ≈ 0, which simplifies the model to Figure 3 . We therefore conclude that Pol II does not actively unwrap the nucleosomal DNA, but instead waits for transient nucleosomal unwrapping fluctuations to step forward and read the DNA template.
Effective elongation rate in the presence of the nucleosome
We consider the kinetic model provided in Figure 3 of the main text. In this model, wrapping of the local nucleosomal DNA competes directly with elongation. Although the polymerase is unable to elongate along wrapped nucleosomal DNA, the delay associated with wrapping and rewrapping is expected to be far too short to observe as a pause in our experiment, so all the micro-pauses resulting from nucleosome wrapping result in a decrease of the effective elongation rate.
The average apparent elongation rate is calculated below, and is referred to as k e app . Briefly, we consider all possible trajectories that lead to elongation with intermediate wrapping and unwrapping and take an average of their lifetimes. The effective elongation rate is the inverse of this average lifetime.
If we consider elongation and nucleosomal dynamics to be much faster than backtracking dynamics, then we can consider non-pause elongation as being trajectories containing only . The probability of going from
